We have examined the ability of wild-type polynucleotide phosphorylase (PNPase) from Streptomyces coelicolor and two mutant forms of the enzyme, N459D and C468A, to function in the polymerization of ADP and in the phosphorolysis of RNA substrates derived from the S. coelicolor rpsO-pnp operon. The wild-type enzyme was twice as active in polymerization as N459D and four times as active as C468A. The k cat /K m value for phosphorolysis of a structured RNA substrate by N459D was essentially the same as that observed for the wild-type enzyme, while C468A was 50% as active with this substrate. A mixture of all four common nucleoside diphosphates increased the k cat /K m for phosphorolysis of the structured substrate by the wild-type enzyme by a factor of 1.7 but did not affect phosphorolysis catalyzed by N459D or C468A. We conducted phosphorolysis of the structured substrate in the presence of nucleoside diphosphates and labeled the 3= ends of the products of those reactions using [ 32 P]pCp. Digestion of the end-labeled RNAs and display of the products on a sequencing gel revealed that wild-type S. coelicolor PNPase was able to synthesize RNA 3= tails under phosphorolysis conditions while the N459D and C468A mutants could not. The wild-type enzyme did not add 3= tails to a substrate that already possessed an unstructured 3= tail. We propose a model in which the transient synthesis of 3= tails facilitates the phosphorolysis of structured substrates by Streptomyces PNPase.
P
olynucleotide phosphorylase (PNPase) is a 3=-5=-exoribonuclease that functions in the phosphorolytic degradation of RNA molecules in bacteria and in eukaryotic organelles (1, 2) . In Escherichia coli and other bacteria, PNPase plays an important role in the degradation of messenger RNAs (3) . In these systems, endonucleolytic cleavage of RNA molecules generates 3= ends that are substrates for the action of PNPase and RNase II, an exonuclease that functions hydrolytically (4) . PNPase plays another role in E. coli, at least under some circumstances. The 3= ends of at least some RNA molecules in bacteria are polyadenylated (5, 6) . Polyadenylation facilitates the degradation of those RNAs. While the major enzyme responsible for RNA polyadenylation in E. coli is poly(A) polymerase I (PAP I) (7), mutants of E. coli lacking PAP I still retain the ability to polyadenylate RNAs. Mohanty and Kushner have presented evidence indicating that the second PAP in E. coli is PNPase (8) . In addition to its phosphorolytic activity, PNPase can polymerize nucleoside diphosphates (NDPs) to form polyribonucleotides (1, 2) . Thus, Mohanty and Kushner argue that under appropriate conditions in vivo, PNPase can serve to degrade RNAs or to synthesize poly(A) tails via its polymerizing activity. They argue further that PNPase is responsible for the G, C, and U residues that are found at low frequency in the poly(A) tails of RNAs from wild-type E. coli (8) .
PNPase structure, function, and expression have been studied extensively in the soil-dwelling, antibiotic-producing genus Streptomyces. Streptomyces members do not appear to contain PAP I, and the enzyme responsible for the synthesis of RNA 3= tails in members of that genus is thought to be PNPase (9, 10) . In Streptomyces coelicolor and Streptomyces antibioticus, the phosphorolytic activity of PNPase is modulated by nucleoside diphosphates. In particular, the degradation of a structured substrate containing two stem-loops was shown to be enhanced by a factor of two when phosphorolysis was performed in the presence of each of the four nucleoside diphosphates (11) . We speculated that this enhancement was the result of the synthesis of short 3= tails by the polymerization activity of Streptomyces PNPase. No such enhancement was observed with E. coli PNPase (11) .
To obtain support for the hypothesis that Streptomyces PNPases can synthesize 3= RNA tails under conditions that are normally optimal for phosphorolysis, we have constructed two mutants of S. coelicolor PNPase that are catalytically deficient. We have determined the kinetic properties of these mutants and have demonstrated that the wild-type enzyme can indeed add 3= tails to a structured substrate in vitro under conditions that support phosphorolysis. In contrast, neither the mutant Streptomyces PNPases nor the PNPase from E. coli can form such tails efficiently under phosphorolysis conditions.
MATERIALS AND METHODS

Construction of expression plasmids bearing mutant PNPase genes.
We constructed two active-site mutants of S. coelicolor PNPase, N459D and C468A. The mutant genes were prepared by two-step PCR. The first step utilized primer SCPNPF1N (forward) and either SCN459DR2 or SCC468AR2 as the reverse primer (Table 1) , with the recombinant plasmid pJSE600 as the template. pJSE600 contains the wild-type S. coelicolor pnp gene (12) . These primer sets yielded products of ca. 1,400 bp. A portion of each first PCR mixture (5 l) was then used in a second PCR with pnpB1 (Table 1) as the reverse primer. Full-length pnp genes were obtained by this procedure, and the final PCR products were digested with NdeI and BamHI and cloned into pET11A, which had been digested with the same enzymes. Ligation mixtures were used to transform E. coli DH5␣, and plasmid DNA was isolated from several colonies. The inserts of these plasmids were analyzed by DNA sequencing utilizing primer GHJ 5-2010 (Table 1) . Positive plasmids representing each of the desired mutants were then used to transform E. coli BL21(DE3)pLysS Rosetta competent cells for overexpression.
To obtain the mutant proteins, 750-ml cultures of each strain were grown to an A 600 of 0.6 to 0.7 at 37°C. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was then added to a final concentration of 1 mM. The strain bearing the N459D mutation was grown for 4 h at 37°C, while that bearing the C468A mutation was grown for ca. 16 h at 28°C. Growth of the latter strain at the lower temperature was required in order to obtain the mutant protein in soluble form. The mutant PNPases and the wild-type S. coelicolor PNPase were purified by ion exchange and hydrophobic interaction chromatography as previously described (13) .
Preparation of RNA substrates. The RP3 transcript, also called the 5650 transcript (11) , was prepared by in vitro transcription utilizing pJSE5650 as the template (see Fig. 2 ). Nonradioactive RP3 was prepared using the Fermentas TranscriptAid high-yield transcription kit according to the manufacturer's instructions. To prepare internally labeled RP3, transcription of pJSE5650 was performed as described previously (11) using [ 32 P]CTP. Identical procedures were used to prepare the 5601 transcript, except that plasmid pJSE5600 (11) was used as the template. Transcription mixtures were extracted with phenol-chloroform-isoamyl alcohol and with chloroform alone, and the transcripts were precipitated with ethanol in the presence of 2.5 M ammonium acetate (NH 4 OAc).
Assays for polymerization and phosphorolysis. Kinetic assays for polymerization were performed as described previously (14) , using a stock solution of 125 mM [ 3 H]ADP with a specific activity of 6 Ci/mol. This solution was diluted to prepare substrate to obtain initial velocities. Briefly, duplicate 30-l reaction mixtures contained the components described previously (14) and 0.5 to 5 mM ADP. Reaction mixtures containing all reagents except enzyme were warmed for 5 min at 30°C. PNPase (147 nM final concentration) was added, and the mixtures were incubated for 4 min. Duplicate 12.5-l portions were then removed, and the levels of [ 3 H]ADP incorporation were determined by liquid scintillation counting of trichloroacetic acid (TCA) precipitates. Polymerization kinetic constants were determined from Eadie-Hofstee plots of kinetic data. Phosphorolysis reactions (in 15-l mixtures) were also carried out as described previously (11) . Duplicate reaction mixtures contained 32 Plabeled RP3 or 5601, buffers, and salts as described previously (11) , as well as 1 mM potassium phosphate, pH 8.0. Reaction mixtures contained 147 nM PNPase and 1.8 to 10.9 M RP3 or 1.6 to 11.2 M 5601. Some reaction mixtures contained 25 M (each) ADP, CDP, UDP, and GDP. Mixtures were incubated for 5 min at 30°C, and phosphorolysis was initiated by adding a solution containing the enzyme and potassium phosphate. Mixtures were incubated for 5 min at 30°C and were quenched by adding 10 l of stop solution containing formamide and tracking dyes. Quenched mixtures were heated for 2 min at 95°C and were fractionated on 5% 7 M urea polyacrylamide gels. Radioactive bands were identified and quantified by phosphorimaging or by autoradiography using standard curves prepared with various amounts of either RP3 or 5601. Kinetic constants were determined from Eadie-Hofstee plots as described previously (11) .
Determination of RNA 3= tail lengths. Phosphorolysis reaction mixtures (45 l) were prepared as described above and contained 30 g (4.45 M) nonradioactive RP3 or 5601 RNA. In some cases as indicated below, mixtures contained 25 M (each) ADP, CDP, UDP, and GDP. Mixtures were incubated for 5 min at 30°C, and phosphorolysis was initiated by adding potassium phosphate and PNPase (final concentration, 147 nM). Samples of 15 l were removed from the reaction mixtures at the times indicated in Fig. 5 , and the reactions were stopped by adding 85 l of 0.35 M sodium acetate, pH 6.0, and 100 l of phenol-chloroform-isoamyl alcohol. Samples were vortexed for 30 s, and following centrifugation, the aqueous phases were removed and extracted with 100 l of chloroform. RNAs were precipitated by adding 250 l of ethanol. After standing at Ϫ20°C for 3 to 4 h, RNAs were collected by centrifugation and the pellets were washed with 70% ethanol and dried. The RNAs were then end labeled with [
32 P]pCp as described previously (15) . Following overnight incubation, the end-labeled RNAs were digested with a mixture of RNases A and T1 as described previously (15), the digests were extracted with phenol-chloroform-isoamyl alcohol, and each aqueous phase was supplemented with 5 g of E. coli tRNA. RNAs were precipitated with 250 l of ethanol, and after standing at Ϫ80°C for at least 60 min, samples were collected by centrifugation. Pellets were dried and dissolved in 4 to 5 l of stop solution. Samples were fractionated on 12% sequencing gels as described previously (15) , and gels were subjected to autoradiography.
Miscellaneous methods. Protein was determined by the Bradford method, using bovine serum albumin as the standard. SDS-PAGE was performed as described by Laemmli (16) .
RESULTS
Rationale for the construction of the PNPase mutants.
We demonstrated previously that a mixture of all four common nucleoside diphosphates stimulated the phosphorolysis by Streptomyces PNPases of a structured substrate derived from the rpsO-pnp operon of S. coelicolor (11) . NDPs did not stimulate phosphorolysis of this substrate by E. coli PNPase. We reasoned that this stimulation results from the addition of short 3= tails to the structured substrate via the polymerization activity of the Streptomyces PNPases. It seemed feasible to test this hypothesis by preparing mutants of Streptomyces PNPase that were deficient in either polymerization or phosphorolysis. Some years ago, Jarrige et al. performed a site-directed mutagenesis of E. coli PNPase (17) . This study identified several mutants that had reduced activities in either polymerization or phosphorolysis. In particular, N435D was only 20% as active as the wild-type enzyme in phosphorolysis while retaining full activity in polymerization. In contrast, C444A was at least 80% as active as the wild-type enzyme in phosphorolysis but was less than 40% as active in polymerization. The corresponding residues in S. coelicolor PNPase are N459D and C468A. Using two-step PCR, as described in Materials and Methods, we constructed N459D and C468A. The sequence of the region surrounding these residues in S. coelicolor is shown in Fig. 1A . The corresponding sequence in E. coli is shown for comparison. The purified N459D and C468A PNPases gave a single band on SDS-PAGE gels (data not shown).
Kinetics analysis of the Streptomyces coelicolor PNPases. We examined the activity of the wild-type and mutant PNPases in kinetic assays for polymerization and phosphorolysis. In previous studies, these in vitro assays were conducted at 37°C (11, 12) . Because Streptomyces members grow optimally nearer 30°C and because we wished to examine the properties of the enzymes under conditions that were as close as possible to those that might occur in vivo, the kinetic assays in the present study were performed at 30°C. SCPNPF1N  5=-TCGGAGAAACCACATATGGAGAACGCC-3=  pnpB1 5=-CTCGTCCGGGGATCCGACGTG SCN459DR2 5=-CATGGACGTCGAGCCGTCGGAGCCGAGGGCCTC-3= SCC468AR2 5=-CGACATGGTGGAGGCGGCGACCGAGCCCATGGA-3= GHJ 5-2010 5=-GCGCTACAGGCACAACTACAA-3= a The NdeI and BamHI sites are underlined in the sequences for SCPNPF1N and pnpB1, respectively. The mutated codons are indicated in boldface for SCN459DR2 and SCC468AR2.
The results of the polymerization assays, using [ 3 H]ADP as the substrate, are shown in Fig. 2 , and the associated kinetic parameters are given in Table 2 . It can be seen that, under the conditions employed here, the wild-type PNPase gave a k cat /K m value of 0.79. The K m obtained with N459D was approximately 2.5 times greater than the wild-type value, and the k cat was increased by ca. 1.3-fold, with the result that N459D was approximately half as active as wild-type PNPase. The K m obtained with C468A was increased by 1.7-fold compared to that of the wild-type enzyme, while the k cat decreased by nearly 3-fold. Thus, C468A was only 25% as active as the wild-type enzyme in the polymerization assay.
Phosphorolysis kinetics were measured using the structured substrate RP3 (Fig. 1B) . This substrate, derived from the S. coelicolor rpsO-pnp operon, contains the rpsO terminator and the intergenic hairpin that is the substrate for RNase III (18) . Figure 3A shows a typical polyacrylamide gel separation of the products of RP3 phosphorolysis using wild-type PNPase. The endpoint of RP4 is shown in Fig. 1B . RP4 contains the rpsO terminator and results from the digestion of the intergenic hairpin by PNPase (11) . Several products with mobilities between those of RP3 and RP4 can be observed in Fig. 3A . These products presumably represent additional regions of the RP3 sequence at which PNPase stalls prior to the production of RP4. It should be noted that these intermediate products were not observed in assays conducted at 37°C (11) . Thus, the additional stall points are likely to be due to the fact that the results shown in Fig. 3 were obtained in assays performed at 30°C.
The results of kinetic analysis of the phosphorolysis of RP3 are shown in Fig. 3B , and the kinetic parameters are given in Table 2 . Although there were differences in k cat and K m for the wild-type enzyme and the N459D mutant, the k cat /K m values were essentially identical for the two enzymes. Thus, the catalytic activity of N459D against the RP3 substrate was essentially the same as that for the wild-type enzyme. In contrast, although the K m value obtained with C468A was significantly lower than that observed with N459D or the wild-type enzyme, the k cat was ca. 6-fold lower than the corresponding values obtained with the other enzymes. Thus, the catalytic activity of C468A was only half that observed for the wild-type enzyme and N459D.
It should be noted at this point that the N459D and C468A mutants of S. coelicolor PNPase had catalytic properties that were different from those of the corresponding mutants of E. coli PNPase; thus, these were properties that differed from those that were predicted for the Streptomyces enzymes. We predicted that N459D would be proficient in polymerization but deficient in phosphorolysis, and that C468A would be proficient in phosphorolysis and deficient in polymerization. Our results with these mutants demonstrated that N459D was deficient in polymerization but was as active as the wild type in phosphorolysis of the RP3 substrate, while C468A was deficient in both polymerization and phosphorolysis. As indicated below, it was possible nevertheless to utilize these mutant proteins to obtain insight into the mechanism of phosphorolysis of structured substrates in Streptomyces.
Effects of nucleoside diphosphates on phosphorolysis. We showed previously that a mixture of all four common nucleoside diphosphates at 20 to 30 M stimulated the phosphorolysis of RP3 by 2-fold when assays were performed at 37°C (11) . It was of interest to determine whether this stimulation was observed at 30°C and whether NDPs stimulated phosphorolysis by the PNPase mutants. To this end, we conducted phosphorolysis reactions in the presence of a mixture of 25 M (each) ADP, GDP, CDP, and UDP, using RP3 as the substrate. The results of this analysis are shown in Fig. 3B and Table 2 . NDPs increased the k cat /K m for phosphorolysis of RP3 by the wild-type enzyme by a factor of ca. 1.7, from a value of 0.14 to 0.24. This increased catalytic activity was due primarily to a decrease in the K m for RP3. Thus, to the extent that K m is a measure of the affinity of an enzyme for its substrate, the affinity of the wild-type PNPase for RP3 was increased by nearly a factor of two in the presence of NDPs. In contrast, the activities of N459D and C468A in RP3 phosphorolysis were not stimulated by NDPs (Table 2 ). It is noteworthy that the concentration of NDPs that stimulated phosphorolysis by the wild-type PNPase is well below the measured K m for ADP in polymerization (Table 2) , although we do not know whether the K m for ADP in vivo is the same as that measured in our in vitro assays.
Phosphorolysis of the 5601 RNA. Our model for the effects of NDPs on phosphorolysis involves the addition of 3= tails to structured substrates under conditions that are normally optimal for phosphorolysis. This model predicts that a substrate that already contains an unstructured sequence at its 3= end will still be degraded efficiently by mutants that are unable to synthesize such 3= tails or that do not require 3= tails for efficient phosphorolysis. Such a substrate is the 5601 RNA (Fig. 1B) . This substrate possesses a long unstructured tail at its 3= end, and we have shown previously that phosphorolysis of this RNA is not stimulated by NDPs (11) .
Therefore, we examined the effects of the N459D and C468A mutations on the ability of the resulting enzymes to catalyze phosphorolysis of the 5601 substrate, and the results are shown in Fig.  4 . Figure 4A shows a typical gel separation of the digestion products with increasing concentrations of substrate. In order to obtain kinetic parameters, we measured the formation of RP1 (Fig.  1B depicts the RP1 endpoint) . The results of the kinetic analysis are shown in Fig. 4B , and kinetic parameters are provided in Table  2 . Once again, the wild-type enzyme and the N459D mutant were essentially equivalent in their activity against 5601. However, the k cat /K m value for that substrate was ca. twice that obtained for RP3, reflective of the greater affinity for the substrate bearing the 3= tail. Consistent with this conclusion, the K m values obtained with 5601 were approximately half those observed for RP3 (Table 2) . Table 2 shows further that the C468A mutant was also more active with 5601 than with RP3. The k cat /K m value for 5601 increased by a factor of three compared to the corresponding value for RP3 (Table 2) and was ca. 70% of the value observed for the wild-type enzyme and N459D.
Can Streptomyces PNPases synthesize 3= tails under phosphorolysis conditions in vitro? A direct test of our model for the effects of NDPs on phosphorolysis would be the demonstration of the addition of 3= tails to the end of a structured substrate under conditions that normally support phosphorolysis. To this end, we conducted phosphorolysis assays in the presence of 25 M NDPs, isolated the products following incubation at 30°C, end labeled those products with [ 32 P]pCp, and, following digestion with RNases A and T1, displayed the end-labeled materials on a 12% polyacrylamide urea gel. Results of this analysis are presented in Fig. 5A . As shown in lane 3, only very short end-labeled products were observed in a reaction mixture containing all of the required components but extracted with phenol at time zero. Each subsequent set of three lanes in Fig. 5A represents incubation with the indicated enzymes for 0.5, 1, and 2 min. These times were chosen based on our reasoning that any 3= tails that might be synthesized would be transient and would be digested by phosphorolysis at longer incubation times.
Lanes 5 and 6 show that the wild-type PNPase was able to synthesize poly(A) tails under phosphorolysis conditions in the presence of 1 mM potassium phosphate. In contrast, the lanes representing reaction mixtures containing N459D, C468A, and E. coli PNPases show much shorter tails. These tails most likely represent a combination of products resulting from weak polymerization activity (compared to the wild-type enzyme) and the labeling of internal sequences, terminating in A residues. Lanes 19 to 21 show that the synthesis of the 3= tails was dependent on added RNA, consistent with the model in which the structured RNA is the substrate for tail addition.
One curious and interesting feature revealed by the data shown in Fig. 5A is that even though all four common NDPs were present in the phosphorolysis reaction mixtures, long homopolymeric tails consisting of A residues only were added to the RP3 substrate. The 3= tail pattern shown in Fig. 5A is characteristic of that observed for poly(A) tailing and does not resemble the pattern ob- served for the synthesis of heteropolymeric 3= tails. We will return to this point below.
Given the observations of Fig. 5A , we performed a similar analysis using 5601 RNA as the substrate. Since that substrate already possesses an unstructured 3= tail, and since it functions as a more effective substrate for phosphorolysis than RP3, our model predicts that S. coelicolor PNPase would not add 3= tails to 5601; therefore, it would engage that substrate without a lag. To examine this issue, experiments essentially identical to those whose results are presented in Fig. 5A were performed using 5601 as the substrate. It can be seen in Fig. 5B that none of the PNPases added the long 3=-poly(A) tails seen in Fig. 5A to the 5601 substrate. Only very short tails, like those observed in the control experiments shown in Fig. 5A , were observed with the 5601 substrate.
DISCUSSION
Our model for the in vitro effects of NDPs on the phosphorolysis of structured substrates by S. coelicolor PNPase is shown in Fig. 6 .
We posit that digestion of structured substrates like RP3 is not completely blocked by the presence of hairpins (explaining the dashed "X" in the figure) and proceeds to some extent. In the presence of NDPs, 3= tails are added to RP3 (Fig. 6 ). As we have argued previously (11) , these tails result in retention of stalled substrates, allowing time for breathing of stems and permitting the stalled enzyme to continue phosphorolysis through stem-loop structures. Thus, NDPs stimulate phosphorolysis via transient polymerization, even in the presence of potassium phosphate.
The data presented in this study are consistent with this model. As shown in Fig. 5A , wild-type S. coelicolor PNPase is capable of robust addition of 3= tails to the RP3 substrate in the presence of 1 mM potassium phosphate, conditions that are normally optimal for phosphorolysis. In contrast, the N459D and C468A mutant PNPases and E. coli PNPase are capable of synthesizing only short oligo(A) tails at best under the same conditions. In the case of E. coli PNPase, it is likely that the tails observed result entirely from end labeling of incomplete transcription products that terminate in A residues. However, there are no stretches of A residues in RP3 that are long enough to explain the tails observed in the experiments utilizing N459D and C468A. Thus, those enzymes appear to be capable of synthesis of short 3= tails under phosphorolysis conditions. Those tails, though, are much shorter than the tails synthesized by wild-type S. coelicolor PNPase, and we argue that this difference is manifested in the failure of NDPs to stimulate phosphorolysis of RP3 by N459D or C468A (Table 2) . No 3= tails were added to the 5601 substrate, which already possesses a long, unstructured 3= tail (Fig. 5B) .
RP3 phosphorolysis by wild-type S. coelicolor PNPase was stimulated by NDPs in the present study by ca. 1.7-fold ( Fig. 3B and Table 2 ). It is interesting that the N459D mutant PNPase was as effective in RP3 phosphorolysis as the wild-type enzyme in the absence of NDPs. Thus, the N-to-D mutation had only a small effect on the K m and k cat for the reaction with that substrate ( Table  2 ). The likely explanation for failure of NDPs to stimulate phosphorolysis catalyzed by the N459D mutant is the decreased affinity of N459D for ADP ( Table 2 ). The K m for ADP in the polymerization reaction is ca. 2.5 times higher than the corresponding value for the wild-type enzyme. The N-to-D mutation might, for example, decrease the interaction of the mutant enzyme with the ADP phosphates. This effect would be less pronounced for phosphorolysis than for polymerization, because RP3 and other RNA substrates make multiple contacts with the PNPase trimer (19) (20) (21) .
The C468A mutation decreases both the K m and k cat for phosphorolysis of RP3 in the absence of NDPs. The decreased K m may result in a lower rate of product release from the active site and, as a result, decreased catalytic activity. As with the N459D mutation, phosphorolysis of RP3 by the C468A mutant PNPase was not stimulated by NDPs. We argue that this again reflects the decreased activity of C468A in polymerization. The increased K m and decreased k cat (Table 2 ) result in a catalytic activity that is only 25% of the wild-type level. Thus, NDPs do not stimulate phosphorolysis of RP3 by C468A or N459D, because those enzymes cannot utilize those substrates to synthesize 3= tails of sufficient length or in sufficient amounts to facilitate that phosphorolysis. As a consequence, the mutant PNPases may dissociate from the substrate. We have shown previously that the K m for phosphorolysis of RP3 by wild-type S. coelicolor PNPase was lowered severalfold in the presence of NDPs, and the data of Fig. 4 and Table 2 show that the presence of an unstructured tail at the 3= end of RP3 lowered the K m for phosphorolysis by the wild-type enzyme and the N459D mutant PNPase. This observation provides additional support for the model proposed in Fig. 6 .
One curious and interesting feature of the data presented in Fig. 5A is that long, homopolymeric poly(A) tails were synthesized in that experiment even though all four NDPs were present in reaction mixtures. This is in contrast to the heteropolymeric 3= tails that are associated with Streptomyces RNAs in vivo (22) . Of course, such heteropolymeric tails would produce bands that would be included in the array of 3= products observed in Fig. 5A . However, long, homopolymeric tails like those observed among the products synthesized by wild-type PNPase in Fig. 5A were not found at the 3= ends of Streptomyces RNAs in vivo (22) . Thus, in vitro, wild-type S. coelicolor PNPase selectively utilizes ADP as a substrate for polymerization in preference to the other three NDPs. It is well established that PNPases generally prefer ADP as a substrate for polymerization and poly(A) as a substrate for phosphorolysis (1, 2) , and this preference may explain the results depicted in Fig. 5A , at least in part. It is interesting that the observations presented here are essentially opposite those reported for E. coli poly(A) polymerase I. That enzyme utilizes all four nucleoside triphosphates in vitro but synthesizes only poly(A) tails in vivo (23) . Data from our studies and others also suggest that, unlike the situation in E. coli, the enzyme responsible for 3= tail synthesis in Streptomyces is PNPase (9, 10). Thus, in E. coli and in Streptomyces, factors other than the polymerizing enzymes, e.g., the intracellular ATP and ADP pool sizes, presumably play a role in specifying the composition of RNA 3= tails in vivo.
It is important to note here that while NDPs clearly stimulate the phosphorolysis of structured substrates, they are not absolutely required for phosphorolysis, at least not with RP3. Even in the absence of NDPs, as shown, e.g., in Fig. 4 , a significant level of phosphorolysis by wild-type S. coelicolor PNPase was observed. Thus, we argue that NDPs facilitate phosphorolysis. We note further that the magnitude of this facilitation might be much greater in vivo and with substrates with stronger secondary structures than RP3.
Finally, it is reasonable to ask why the mechanism proposed here for the phosphorolysis of structured substrates has evolved in Streptomyces but not in E. coli. The answer may lie in the fact that streptomycete genomes are extremely GC rich. The GC content of the S. coelicolor genome, for example, is 72% (24) . Because of the genome composition, streptomycetes are likely to produce a considerable number of structured RNAs. Given that RNA processing and decay play an important role in the regulation of gene expression in bacteria (3), the ability to degrade structured substrates may be essential to the organism's survival. The model proposed in Fig. 6 was devised to explain our in vitro observations, but the argument just advanced suggests that the model is viable in vivo as well.
